Damaged or mismatched DNA bases result in the formation of physical defects in doublestranded DNA. In vivo, defects in DNA must be rapidly and efficiently repaired to maintain cellular function and integrity. Defects can also alter the mechanical response of DNA to bending and twisting constraints, both of which are important in defining the mechanics of DNA supercoiling. Here, we use coarse-grained molecular dynamics (MD) simulation and supporting mean-field theory to study the effect of mismatched base pairs on DNA supercoiling. The coarse-grained approach reproduces experimentally observed deterministic plectoneme pinning at the mismatch under conditions of relatively high force (> 2 pN) and high salt concentration (> 0.5 M NaCl). Under physiologically relevant conditions of lower force (0.3 pN) and lower salt concentration (0.2 M NaCl), we find that plectoneme pinning becomes probabilistic and the pinning probability increases with the mismatch size. The simulation results broadly agree with existing statistical mechanical mean-field theoretical predictions for the high force-high salt regime. The coarse-grained simulation framework, validated with experimental results and supported by the theoretical predictions, provides a way to study the effect of defects on DNA supercoiling and the dynamics of supercoiling in molecular detail.
Introduction
The double helical structure of duplex DNA underpins the process of semi-conservative replication while stabilizing the individual strands of DNA and protecting the bases against damage. The intertwining of the two DNA strands also imposes topological constraints that complicate processes involving duplex unwinding 1 , but also affords opportunities for long range control of global DNA conformation 2,3 and accessibility to processes involving singe-stranded DNA. The global degree of intertwining of the two DNA strands in the duplex, or equivalently over-or underwinding of the helix is referred to supercoiling 4, 5 . In vivo, the degree of supercoiling affects cellular processes including gene expression 6 , enzyme binding 7 and genome organization 8 . Supercoiling is maintained in a state of dynamic homeostasis through the action of a class of enzymes termed topoisomerases, which counteract physiological processes of DNA metabolism such as transcription and replication that alter DNA topology 9 .
If dsDNA is topologically constrained, i.e. its ends are not allowed to rotate relative to each other, a topological invariant called linking number (Lk) can be defined: 10, 11 Lk refers to the global measure of wrapping of the two DNA strands around each other. This wrapping can be partitioned between twist, Tw, the degree of intertwining of the two single stands about a common axis, and writhe, Wr, the degree of self-wrapping of the dsDNA helix axis.
Torsional stress applied to a piece of linear dsDNA, through a change in Lk, results in a change in Tw until a critical is reached, after which the dsDNA buckles into a structure in which the helical axis of dsDNA wraps around itself forming a writhed structure referred to as a plectoneme 4, 5 .
Supercoiling of DNA is affected by both external environmental factors including the pH 12, 13 , tension applied on the DNA 14 , concentration of multivalent ions 15 ; and intrinsic DNA properties such as DNA sequence 16, 17 , mismatches 18 , or other structural inhomogeneities . The response of duplex DNA to tension and torsional stress has been extensively studied using single-molecule approaches, principally magnetic and optical tweezers 19 . In conjunction with these experimental measurements, theoretical models have been developed to describe the mechanics of torsional DNA buckling and plectoneme formation 20, 21 . Computer simulations have also been invaluable for understanding the dynamics and molecular-level details of plectoneme formation [22] [23] [24] . Despite these advances, many aspects of DNA supercoiling, particularly the effects of DNA defects on DNA supercoiling, remain poorly understood.
Defects in duplex DNA can arise from base-pair mismatches 18, 25 , damaged 26 or modified bases 27 , locally melted DNA bubbles 28 , a protein introduced kink in the DNA 29 . An elastic rod with a defect that locally decreases the bending rigidity, when subjected to torsional stress, would buckle at the defect 30 . However, in genomic DNA that contains millions of base pairs, it is possible that thermal fluctuations and entropic effects could mask the influence of the defect. Alternatively, depending on the type and the size of the defect, the enthalpic gain of buckling at the defect could result in preferential buckling and plectoneme formation at the defect 18, 31 . Furthermore, the type and the size of the defect could significantly alter the structure of the end loop containing the defect; for example, localizing the defect at the sharply kinked tip of a plectoneme may promote the flipping out of the base at the mismatch 32 . Indeed, simulations indicate that the distal end of a plectoneme in negatively supercoiled DNA can adopt a sharply kinked conformation in which the base is flipped out in intact DNA 33 . Suggestively, some classes of mismatch recognition proteins specifically recognize mismatched or damaged DNA bases through a process in which the DNA is sharply bent and the base is flipped out at the defect site 34 .
The importance of a sharply bent DNA in mismatch recognition can also be inferred from a recent simulation study. Sharma et al. 35 quantified the effect of a mismatch on the local rigidity of DNA via all atom simulations. They found that for slightly bent DNA, the presence of a mismatch negligibly affects the bending rigidity. However, when the DNA is strongly bent the decrease in rigidity due to the mismatch becomes significantly more pronounced (by several kBT or more). It follows, therefore, that discriminating a mismatch from intact duplex DNA based on energetic differences associated with DNA bending requires a sharp bend. Given the similarity in the structure of the distal end of a plectoneme observed in simulations and the crystal structure of mismatch recognition proteins bound to mismatched DNA, it follows that recognition of DNA defects in vivo could be enhanced if they were localized at the end of plectonemes due to facilitated buckling. Whereas this is an attractive model to achieve improved rate and efficiency of in vivo detection of mismatches, the probability as well as the dynamics of plectoneme formation at mismatches have not been established.
In addition to mismatch recognition proteins, many other DNA binding proteins introduce a bend in DNA 36 , or bind two distal binding sites simultaneously to form a DNA loop, a common motif for transcriptional repression or activation 2 . Defects could affect the kinetics and thermodynamics of protein induced bending or looping, which could in turn affect transcription and DNA processing more generally. Finally, plectonemes are believed to be able to diffuse along DNA in vivo 37 and it is unclear how the presence of mismatches could impact this process.
Here, we study the effect of a mismatched base pair defect on the supercoiling of DNA. Recent single-molecule magnetic tweezers-based experiments by Dittmore et al. 18 found that for 6 positively supercoiled (overwound) DNA in the limit of high salt concentration (0. approach in which the mismatch was assumed to result in a local reduction in the bending energy.
The combination of theoretical and experimental studies provide intuitive explanations for various phenomenological signatures; however, these studies do not provide a structural understanding of the microscopic origin of plectoneme pinning by base-pair mismatches. In addition, the established theoretical and experimental approaches cannot probe the effects of defects on negative supercoiling, which is the prevalent form of DNA topology in vivo. Finally, the dynamics of plectoneme pinning is yet another aspect that remains unexplored from a theoretical, computational, or experimental standpoint.
In this paper, we develop a computational framework within the OxDNA model [38] [39] [40] to study plectoneme localization at mismatches. We verify that results obtained in this framework are consistent with all atom simulations of the effects of defects on DNA bending rigidity (see Fig. S1 in the Supporting Information) and reproduce experimentally and theoretically observed plectoneme localization at high salt and high forces. We use the computational framework to study the effect of force and salt concentration on the localization of plectonemes at mismatches. This 7 framework can also be used to study the effect of defects on the dynamics of the supercoiling process and the effect of mismatches on negatively supercoiled DNA.
The use of computational modelling provides molecular-level details of the plectoneme formation process, which are not accessible with existing experimental or theoretical approaches. We establish a computational approach to model the effects of mismatches on DNA supercoiling that offers a complementary approach to statistical mechanical and experimental approaches: the combination of these approaches will permit a comprehensive understanding of DNA mechanics in the presence of defects.
Results and Discussion

Coarse-grained estimates of the effects of DNA defects on bending free energy
Coarse-grained simulations of DNA, in particular OxDNA, afford the requisite trade-offs between molecular-level details and computational speed and efficiency to permit millisecond-scale simulations of kilobase length DNA 41 . OxDNA has been successfully applied to study DNA supercoiling and has been benchmarked against single-molecule measurements of DNA supercoiling 33 . For these reasons we decided to develop a mismatch model of DNA in the OxDNA framework. We first validated the effects of defined mismatches on DNA bending elasticity in the OxDNA framework. Fig. 1 (a,b) shows the variation of the total Gibbs free energy (ΔG) of the DNA molecule as a function of the bend angle imposed at the center of the DNA molecule containing different numbers of consecutive mismatches at the center of the DNA for high ( Fig. 1 a) and low ( Fig. 1 b) salt concentrations. A bending angle of =170 0 , corresponding to a nearly straight DNA, is the lowest energy configuration of DNA with and without mismatches; bending at the DNA center reduces this angle. The presence of mismatches reduces the bending energy of the DNA at the location of the mismatch 35 . Accordingly, ΔG increases from the minimum at =170 0 as the included angle decreases for all DNA molecules, but for a given bend angle the energy progressively decreases with increasing mismatch size, from a maximum for no mismatch.
This data, establishing the effect of mismatch size on bending energy, is consistent with results from previous studies 18, 31, 35 and suggests that the mismatch model is feasible for investigating DNA plectoneme formation in the presence of mismatches through coarse-grained approaches. 
Mismatches enhance plectoneme pinning
A key question related to the supercoiling of DNA containing mismatches is the degree to which the mismatch localizes or pins the plectoneme by stabilizing a sharp bend at the plectoneme tip.
Practically this is related to both the degree of bending or kinking at the plectoneme tip and the probability of the mismatch being located at the tip of the plectoneme. Consistent with previous studies 42 , we observe a decrease in the end loop angle between the high force -high salt and low force -low salt conditions. For both the simulation conditions, we observe a decrease in the end loop angle (when the plectoneme center is pinned at the mismatches) with increasing number of mismatches ( Fig. 2 d-f ). This is consistent with the decrease in the local bending energy in proportion to size of the mismatch ( Fig. 1 a and b ). This decrease in local bending energy results in a decrease in the end loop angle (increased kinking) when the mismatch is located at the tip of the plectoneme (operationally defined by the center of the plectoneme coinciding with the mismatch, see below).
The probability of the mismatch being localized at the tip of the plectoneme depends on the DNA length, applied force, monovalent salt concentration, and mismatch size. Under the high forcehigh salt condition ( Fig. 2 a) , the center of the plectoneme always coincides with the location of the mismatch for 2, 4, and 6 mismatches. This observation is in agreement with the single molecule magnetic tweezer experiments conducted by Dittmore et al. 18 Furthermore, the DNA is increasingly sharply bent at the mismatch as the number of mismatched bps increases [ Fig. 2 d] .
However, for the low salt -low force condition there is a non-unity (<1) probability that the mismatch is located at the center of plectoneme, though this probability rapidly increases with the number of mismatches [ Fig. 2 b and Fig. 2 c] . This result, which has been predicted theoretically 31 , is described in detail below. The finite probability of buckling at the mismatch for the low salt and low force conditions leads to a bifurcation of the end loop angle: the end loop angle is constant, independent of the mismatch size, when the mismatch is not located at the tip of the plectoneme but decreases significantly with increasing mismatch size when the mismatch coincides with the tip of the plectoneme ( Fig. 2 e and 2 f). The difference in the plectoneme localization between the two conditions (high-salt-high-force and low-salt-low force) can be explained through a free energy argument.
For the high force -high salt case, bending or kinking at the mismatch is favored [ Fig. 2 a]. Fig. 1 (a) indicates that sharper bending requires higher energy. Higher forces will lead to a stronger bending of the end loop since this minimizes the extent of the plectoneme loop, which in turn minimizes the change in extension of the DNA and the corresponding work against the external force. In this scenario it will be energetically favorable if the bending occurs at the location of the mismatch where the bending rigidity is decreased. However, there is an entropic cost of buckling at the mismatch (equivalent to localizing the plectoneme at the mismatch), which limits the possible configurations of the plectoneme as compared to the case where the plectoneme can form at any location on the DNA molecule. Mathematically, we can write this as:
where ΔG, ΔH, and ΔS are the changes in the Gibbs free energy, the enthalpy, and the entropy, respectively.
For the case of a high salt -high force, the plectoneme is pinned at the location of the mismatches leading to a large loss of entropy. Therefore, we can split the energy contributions as follow:
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The equilibrium is driven by the competition between a large favorable bending enthalpy (due to the localization of the bending deformation at segments with lower bending rigidity) and a large unfavorable bending entropy (due to the pinning of the plectoneme center at the mismatch). In the current work, we find that for a force of 2 pN applied to a 610 bp DNA with 2, 4 and 6 consecutive mismatches, the enthalpic gain due to bending at the mismatch overcomes the entropic loss due to pinning; hence the plectoneme is always pinned at the mismatch.
Next, we consider the free energy for the low salt -low force condition. Here too, we can write the free energy change as: 
Here both the enthalpy and the entropic components are smaller in magnitude. The equilibrium is driven by the competition between a weakly favorable bending enthalpy (due to a higher bending angle of the end loop, the enthalpic difference for bending at the mismatch for different number of mismatches is lower as compared to the high force case, see to the high force-high salt case, the entropic cost of pinning is lower for a given length of DNA, see Fig. 4 ). In the case of low force -low salt for a 610 bp DNA, we find an increase in probability of plectoneme pinning with increasing number of mismatches. To probe the effect of the entropic contribution to the pinning probability, we studied a 1010 bp DNA with 0, 2, 4 and 6 bp mismatches under the same conditions. Pinning in a longer DNA results in a larger entropic loss due to the presence of a larger number of microstates. Consistent with this reasoning, we find that for the 1010 bp DNA, the enthalpic gain due to bending at the mismatch is only able overcome the entropic loss for the case of 6 mismatches (Fig. 2 f) . 
Simulation results of plectoneme pinning agree with statistical mechanical models
To verify the results of the MD simulations, we compared them with results obtained from a previously published theoretical model 31 in the end loop and this reduction is incorporated through a defect size parameter. A significant limitation of a purely free energy based approach to modeling the effect of bp mismatches is its inability to quantitatively map the number of mismatches to an overall free energy penalty or the defect-size parameter. Brahmachari et al. 31 were able to provide rough estimates for the relation between the number of mismatches and the defect size parameter or the decrease in bending energy through comparisons with experimental measurements of defect facilitated DNA buckling 18 .
Current simulations allow detailed microscopic understanding of the bending energy reduction associated with mismatches. Comparing the structure of the end loop and the energy associated with a kinked end loop, we obtain values corresponding to the defect-size parameter for different mismatch sizes (see table S1 in the Supporting Information). Interestingly, the defect size parameter depends on the force and salt conditions. This suggests that the thermodynamic size of the defect, which is the parameter that controls the probability of buckling at the defect site, is not only dependent on the size of the mismatch but also depends on the force and the salt conditions.
Using these values for the defect size, we find that the theoretical model predictions are in reasonable agreement with the simulation results (see Fig. S4 in the Supporting Information). More 19 specifically, for the high force and high salt conditions the simulations and the theoretical calculations quantitatively agree to a high degree, whereas for the low force and low salt conditions (probabilistic regime) the theoretical probability of plectoneme pinning is over-estimated compared to the simulation results. The free energy model treats thermal fluctuations as a perturbation about the highly-extended DNA state, which likely leads to an underestimation of fluctuations in the low-force regime.
We plan to conduct experiments in the future to accurately probe the probabilistic regime of buckling at the mismatch that will allow us to provide experimental constraints for the modeling and simulation approaches.
Mismatches absorb twist but do not affect writhe
In addition to providing the location and bending angle of the tip of the plectoneme, the MD simulation approaches provide detailed information concerning every base pair in the DNA molecule. An important consideration that has not been addressed in prior experimental or theoretical studies is the effect of the mismatches on the torsional compliance of the DNA molecule. To address this, we calculated the average twist over each base-pair for both the intact and mismatch bases in each simulation (Fig. 3 a-c) . The presence of mismatched bps is expected to cause a decrease in the local torsional stiffness. This effect can be seen clearly for the high force -high salt case [ Fig. 3 a]: the twist per bp step at the mismatch is higher than the twist per bp step at the intact DNA, and it increases with the size of the mismatch region, whereas the twist per bp step for the intact DNA remains constant. For the low force -low salt case, there does not appear to be a similar reduction in torsional stiffness [ Fig. 3 b and 3 c) ]. Curiously, compared to the intact DNA, the twist per bp step at the mismatch actually decreases for the case of 2 mismatches for both the 610 bp [ Fig. 3 b] and 1010 bp [ Fig. 3 c] , but the twist per bp step increases for the 4 mm and 6 mm cases. We note that the twist at the 2 bp mismatch will be affected more by the flanking bps as compared to the 4 and 6 mismatch cases, which might be responsible for a lower twist at the mismatch. To better understand the twist accumulation at the mismatch, we performed simulations of torsionally free and stretched DNA with the same sequence as the DNA under torsional stress (see Fig. S2 in the Supporting Information). In torsionally free DNA, we observed the same decrease in the twist at the mismatch step for the 2-mismatch case and subsequent increase in twist for 4 and 6 mismatches. This would suggest that for the 2-mismatch case, the twist at the mismatch is lower even when no torsional stress is applied to the DNA (see Fig. S2 in the Supporting Information). When torsional stress is applied, we observe a higher twist accumulation at the mismatch as compared to that at the intact bps due to torsional softening. The effect of torsional softening can be clearly seen for the high salt high force case [ Fig. 3 a] : here the twist at the mismatch is larger than that at the intact bases in the duplex. The twist at the mismatch for the low salt low force case is similar to the case with no torsional stress, likely due to the lower applied torsional stress. All atom molecular dynamics simulations have been performed to quantify the effect of a mismatch on the twist per bp step distribution in DNA 43, 44 . These studies found that for the G:T mismatch used in the current study, the twist at the mismatch is similar to the twist at the intact DNA. To the best of our knowledge, there has been no study relating the number of consecutive mismatches to the twist per bp step distribution in the DNA.
We next probed possible global effects of the mismatches on the distribution of twist and writhe in the supercoiled DNA molecules. For all conditions and mismatch sizes, we find the twist and writhe stored in the DNA are not significantly altered by the presence of mismatches ( Fig. 3 d-f ).
In the current work, the mismatches comprise a small fraction of the DNA (a maximum of 6 mismatches in a 610 bp DNA), hence the torsional softening at the mismatches does not significantly affect the twist, and hence the writhe, stored in the DNA. However, for the low force -low salt conditions ( Fig. 3 b and 3 c) , we see a slight increase in the twist stored in the DNA for the 4-mismatch case. This increase is consistent for both the 610 bp and 1010 bp case and may be statistically significant. A future study of how the twist for 4 mismatch case varies with increasing torsional stress will be helpful in determining the significance of this observation. 
Mismatches allow DNA to accommodate the same writhe with a smaller plectoneme
Whereas the degree of bending or kinking at the tip of the plectoneme is an important determinant of the localization of the plectoneme that depends critically on the size of the mismatch in addition to the salt and force conditions, it is not readily experimentally measurable. Conversely, the extent of the DNA molecule that is in the plectoneme can be accurately measured experimentally since it corresponds to the decrease in DNA extension associated with plectoneme formation. Fig. 4 provides the average size of the DNA plectoneme (length of DNA in the plectoneme) as a function of the number of consecutive bp mismatches introduced at the DNA center for different combinations of the applied force (F), salt concentration (S), and DNA length (N). The plectonemes are smaller under the high force -high salt condition as compared to the low forcelow salt condition. This is also evident from the snapshots provided in Fig. 1 . The writhe in the DNA is not affected by the presence of mismatches [see Fig. 3 d-f ] ;, yet we see a decrease in the plectoneme size with increasing number of mismatches. The presence of the mismatch causes a decrease in the end loop angle [ Fig. 2 d-f ] and a tighter plectoneme end loop reduces the plectoneme size while not affecting the writhe. The relation between bend angle (Fig. Fig. 2 d-f ) and plectoneme extent ( Fig. 4) provides an indirect approach to estimate the bend angle from the experimental quantification of the changes in DNA extension as the plectoneme forms. 
Mismatches reduce plectoneme diffusivity
Whereas the statistics of plectoneme formation and conformation permit comparison with experiments, the simulation results provide a wealth of additional information concerning plectoneme dynamics (Fig. 5 a-d) . Tracking the position of the plectoneme along the DNA molecule over time provides a dynamic view of the motion and the pinning of the plectoneme as a function of the size of the mismatch region under different force and salt concentration conditions. For intact DNA, the plectoneme is significantly less mobile under the high force -high salt condition than the low force -low salt condition ( Fig. 5 a and 5 c) . For DNA with four mismatches the plectoneme is strongly pinned at the mismatch location under the high force -high salt conditions [ Fig. 5 b] . This is reflected in the unity probability of the plectoneme being centered at the mismatch location [ Fig. 2 a] . Conversely, for DNA containing four mismatches under low force -low salt conditions, the plectoneme remains highly mobile, indicating a lack of pinning of the plectoneme at the mismatch. This is reflected in the low, significantly less than unity, probability of the plectoneme being centered at the mismatch location under low salt and low force conditions [ Fig. 2 b and 2 c] . To compare the mobility of the plectoneme under different conditions, we calculated the diffusion constant of the plectoneme center ( Fig. 5 e-g) . The mean squared displacement curves used to obtain the diffusion constant are provided in the supplementary information (see Fig. S3 in the Supporting Information). For plectonemes in both the high force-high salt and the low force-low salt regime, there is a decrease in the plectoneme mobility with increasing number of mismatches ( Fig. 5 e-g) . The diffusion constant for intact DNA is similar to the value obtained by Matek et al. 33 However, the diffusivity obtained in the current work is 3 orders of magnitude larger than the experimentally observed diffusion constant. In the experiments performed by van Loenhout et al. 45 , the diffusion constant is calculated for 26 plectonemes larger than 14 kbp. In the current study, the average plectoneme size is considerably smaller (Fig. 4) , a smaller plectoneme will be more mobile. Another factor that may affect the diffusivity is the use of a coarse-grained model in the current work. Coarse-graining decreases the degrees of freedom in the system and hence accelerates the dynamics. It is possible to decrease the diffusivity of the plectoneme, but this would result in inefficient sampling. The simulation time is limited to the order of micro-seconds, and a higher diffusivity coefficient allows the simulation to sample phenomenon observed in experiments. 
Conclusions
To the best of our knowledge these results represent the first simulation-based evidence of the manner in which the interplay of the force, the salt concentration, and DNA size affects the localization of a supercoiled plectoneme by DNA mismatches. We find that in the physiological regime of monovalent salt concentration and force, entropic forces play an important role in pinning plectonemes. These effects should be taken into account while considering the molecular enzyme kinetics of of base-mismatch-repair proteins. More generally we provide a coarse-grained simulation approach to investigate the effects of mismatches on DNA supercoiling and plectoneme formation that can provide details of the conformations, structures, and dynamics of the system that are not accessible from mean-field theories or current experimental approaches.
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Methods
We perform molecular dynamics (MD) simulations of a DNA molecule using the OxDNA model 38, 39 . All the simulations presented in the current paper are performed using the sequence dependent variation of the OxDNA model 39 implemented in the LAMMPS 46 simulation software by Henrich et al 40 . The OxDNA model has previously been shown to reproduce the behavior of DNA under tension and torsional stress 33 and has also been used to study various structural features of DNA 41, [47] [48] [49] [50] . In the following sections the simulation parameters are given in the reduced 
Modelling of mismatched base-pair
The OxDNA model treats each nucleotide as a rigid body with only three interaction sites (base, phosphate and sugar groups) 38, 39 and as such eliminates many degrees of freedom of individual base pairs compared to all atom simulations, but this coarse-graining approximation is necessary 30 to reach length scales and time scales relevant to the study of super-coiling dynamics of DNA. The
OxDNA model uses sequence dependent stacking and hydrogen bonding interactions; other interactions between nucleotides are independent of nucleotide type 39 
. A base pair mismatch in
OxDNA is simulated by removing the hydrogen bond between the bases. Previous studies have shown that many types of mismatched base-pairs have hydrogen bonds; therefore, approximating a mismatched base pair without hydrogen bonds is perhaps a crude approximation. However, as we demonstrate below, such an approximation quantitatively reproduces the characteristic decrease in bending stiffness at the mismatch obtained from all atom simulations. Eliminating these degrees of freedom may alter the dynamics of individual base-pairs. But here we are interested in studying the effect of these mismatches on the bending rigidity of the local structure of duplex and this bending rigidity is not altered due to this approximation (as shown by the extremely favorable comparison with the all atom simulation result, see Fig. S1 in the Supporting Information). Ditmore et al. 18 and Brahmachari et al. 31 have shown that the reduction in local bending rigidity due to the presence of mismatched base-pairs promotes plectoneme pinning.
To calculate the effect of mismatches on the free energy of bending, we simulate a 30 bp long DNA with the mismatch located at the center. We employ umbrella sampling to efficiently sample the free energy landscape. The collective variable ( ) is the angle defined between the center of mass of 3 blocks of 5 For the supercoiling simulations, we consider a 610 and 1010 bp long DNA with 50% G-C content and M (= 0, 2, 4, or 6) consecutive mismatches at the center of the DNA. We constrain the 5 bps at the top end of the DNA in the x-y plane and also constrain 5 bps of the other end in the x-z plane. This not only allows the DNA to freely move in the y and z planes in response to tension and torsional stress, but also ensures that the boundary bps don't rotate and hence the super-helical density remains constant during the simulation. To ensure that the nucleotides don't pass around the DNA ends, we apply a purely repulsive harmonic potential of type that acts in the x-y plane and repels all but the boundary base pairs if they move beyond the boundary base pair in the z direction. Here 1000 ϵ /rad and is 5 σ away from the last base pair at each end.
We define the equilibration time using the autocorrelation function of the DNA end-to-end distance (Rend). The auto-correlation function of , 41 is calculated as
The equilibration time is then given by .
Here the upper limit of the integral is selected as the time when 0. It is necessary to use this limit to eliminate the effect of the noisy tail of .
To collect data, we discard the first 2 * timesteps. In the current work, all the simulations have been carried out for at least 12 * .
We start each simulation from an equilibrated condition. We apply torsional stress by rotating the top end of the DNA around the z axis for fixed number of turns ( ). To select the value of , we first conducted preliminary simulations and then selected the smallest value of for which we could obtain a stable plectoneme within a reasonable simulation time. A larger value of would produce a larger plectoneme that would stabilize faster and hence require less simulation time. On the other hand, a larger plectoneme will restrict the motion of the plectoneme along the DNA backbone and hence it would require a longer simulation to accurately capture the entropic effects of the plectoneme motion along the DNA backbone.
To apply tension, we apply a force along the z-axis to the top base-pair. For all simulations we use the Langevin C 54 thermostat with a timestep of 0.01 , and unless otherwise specified, damping factors of 5 and 10 for the transitional and rotational degrees of freedom respectively. 
Plectoneme detection algorithm
To detect a plectoneme we used a modified version of the algorithm provided by Matek et al. 33 The plectoneme detection algorithm is as follows:
 Find the center of mass of each bp in the DNA.
 Start at the bottom bp and loop over all bps.
 Find the distance between the current bp (i) and all other bp's (j) beyond a cut-off of Nc bps along the DNA backbone, i.e., the distance between the bp i and bp j, for all j > Nc.
 If any distance is less than ; the bp is identified as the beginning of plectoneme.
 To detect the end of plectoneme we utilize the concept of contact points. Once the beginning of the plectoneme is detected, we skip the next Nc bp's along the backbone and identify the bp closest to the bp identified as start of the plectoneme. This bp is defined as the end of plectoneme.
 The plectoneme center is defined as the mean of the bp indices of the beginning and the end of the plectoneme.
We typically choose Nc = 80, and * . nm. The algorithm allows us to detect multiple plectonemes, but the size of each plectoneme detected is larger than Nc. We also verified that changing Nc does not significantly alter the results.
Calculation of the end loop angle
The end loop angle is defined between the center of mass of 3 blocks of 5 bps. If the center of the plectoneme is considered as base i, the 3 blocks would be block 1: i-12 to i-8 bps, block 2: i-2 to i+2 bps, block 3: i+8 to i+12 bps.
We also note that our plectoneme detection algorithm doesn't always provide the exact center of the plectoneme. For the case of high force and high salt concentration, where the plectoneme center is pinned at the location of the mismatch, the plectoneme detection algorithm calculates the center of the plectoneme with an error of around ± 10 bps. Keeping this in mind, to calculate the angle of the end loop we vary the center of the plectoneme between i ± 15 bps and select the lowest angle as the angle of the end loop.
Calculation of twist
To calculate the twist between two consecutive bps, we use the method defined by Skoruppa et al. 55 ; specifically the definition of Triad II, as defined by Skoruppa et al., is used for all calculations.
Briefly, the twist for each bp step can be calculated by defining two vectors, one vector connecting the centers of mass of two nucleotide in a bp and the second vector connecting two base pairs along the DNA contour . Twist can then be defined as the angle between the two for each base pair in the base pair step along the . A more detailed description can be found in Skoruppa et al 55 .
Calculation of writhe
To calculate the writhe, we carried out simulations of DNA under tension but no torsional stress.
We analyzed these simulations to obtain , which is the twist inherent in the DNA with different number of mismatches.
Writhe in DNA is then defined as:
 where, is the average twist in DNA under tension and torsional stress.
Calculation of diffusivity
To obtain the diffusivity of the plectoneme we first calculate the mean squared displacement (MSD) of the plectoneme center .
∆ ∑ ∆ * 0.34 * 10 ∆ ∆ We calculate MSD for ∆ ∈ 0,20 frames, we select trajectories that have at least 400 continuous plectoneme centers. We then average all the MSD curves for a given condition (see Fig. S3 in the Supporting Information).
The diffusion constant can be obtained from the MSD curve using the relation 2 * * , we perform linear fitting for the first 8 points on the MSD vs time curve to obtain the diffusion constant.
Visualization
Visualization of the simulation configurations is carried out using the OVITO 56 simulation software. LAMMPS provides the center of mass and orientation of each nucleotide in the form of 36 a quaternion. We post-process this information using MATLAB to find the location of base interaction sites and the backbone site for all nucleotides. The process used is similar to the process employed in the visualization code provided by Oliver Henrich with the OxDNA module in LAMMPS.
